Concepts for biosensors that can be used for the continuous monitoring of biochemicals are just emerging from research laboratories. The functioning and design of most of these devices are best understood in terms of their components, which usually consist of three elements: a physical transducer, biochemical reaction, and usually some protective membranes.
biological bioreceptors, which can be seen by considering the reciprocals of the association constants in the last column, that is, In the more general situation where the direct binding of the analyte to the bioreceptor does not produce a measurable property change in the bioreceptor, then one can introduce an appropriately labeled analog-analyte into the system that will to lo-'' M. The sensor shown in FIGURE lb2 is designed such that both the bioreceptor and the
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Dimensionless Analyte Concentration A/Ka where A* is FITC-dextran, R is Con-A, and A is glucose. The expression relating the fraction of analog-analyte existing free to total analog-analyte in the transducer chamber is given by FIGURE 3 (in a dimensionless manner), and it can be seen that there are several degrees of freedom that allow one to alter or manipulate the dynamic range of sensor sensitivity to suit particular needs. This particular representation is for the situation where one is measuring the relative amount of free analog-analyte by optical methods. If instead, the system was configured to measure the amount of bound analog-analyte, then the dimensionless performance curves would be the inverse of those shown, that is,
(1 -[A*]/[A*],).
Three parametric curves are shown in the figure for different ratios of the
'Dimensionless analyte concentration' fact, values of this ratio between 0.01 and 0.1 would be desirable for an analytical device depending on whether the range of analyte concentrations of interest were narrow or broad. However, even after fixing the ratio of bioreceptor to analog-analyte, the range of the device can be altered by modifying the values of the binding constants, K, and K: Physically, this can be achieved in a number of ways: (a) by selection of the bioreceptor, which will affect both K, and K; probably to the same extent, and (b) by selection of the analog-analyte, which will affect only K : We will discuss the latter option in some detail.
First of all, one can choose analog candidate compounds that have different intrinsic binding affinities as compared to the analyte of interest. For example, in constructing a glucose sensor, we' used fluorescein-labeled dextran as the analoganalyte. This polymer has pendant glucose residues that bind to Con-A with an affinity on the same order as glucose binding. However, other sugars have different affinities for Con-A as shown in TABLE 2. Thus, if polymers were constructed with other sugars as pendant groups, then the value of K,* could be changed considerably; for example, as with polymannans.
Another approach to altering K,* with a given ligand is to alter the number of binding groups (valence) of the analog-analyte. For example, Mansouri' has found that the apparent binding constant of dextrans to Con-A is a function of the molecular weight of dextran. We use the term, "apparent" binding constant, for multivalent ligands because there is not a unique method for describing the mechanism of multivalent binding. A number of models have been proposed for this phenomenon5 that, in general, involve many intrinsic binding constants to account for intramolecular and intermolecular binding. However, for our purposes, an equivalent binding constant based on a monomolecular binding scheme should be adequate to provide a first-order estimate of sensor behavior.
We have demonstrated the multivalency effect on K.* in another system-the binding of multivalent antigens to an antibody. L i d prepared bovine gamma globulin derivatized with various amounts of dinitrophenol and measured the concentration of dinitrophenol needed to displace the multivalent hapten from a DNP-antibody. The results shown in FIGURE 4 demonstrate that the affinity of the "analog-analyte" (i.e., K:) could be changed by several orders of magnitude in this manner.
Another important consideration in the design of biosensors is the response time of the sensor to changes in analyte concentration. One can get an appreciation of the .2
DNP-Lysine
Analyte-Analog Concentration factors involved in the response of systems of this type by individually considering the different physical chemical processes that take place in a sensor of this type. As shown earlier,' both diffusional and chemical processes are occurring. The diffusional response times depend on the dimensions of the device, the membrane structure, and the molecular weight of the species involved. For our glucose sensor (where the reaction between glucose and Con-A is on the order of milliseconds), the diffusional processes dominate and are on the order of five minutes. However, systems utilizing bioreceptors with high binding constants can become rate-limited by the chemical reactions.
Consider the simple case of a monomolecular reaction, that is, the direct method mentioned above:
Then, recalling that in a sensor configuration, the total amount of bioreceptor is conserved, the rate of change in complexed receptor concentration with a sudden change in analyte concentration is given by
In order to obtain an order of magnitude estimate of the response time of the system, we assume the initial state of the system is the condition where the receptor is Then, for a small increase in analyte concentration, AAo, there will be a first-order response to a new final steady-state reading, with a half-time given by the relationship for small A, t l / Z = (In 2)/(2k,).
Therefore, for these assumptions, the kinetic behavior is dominated by the dissociation rate constant for the analyte-bioreceptor complex. Thus, for values of k, = lo', lo-*, 10, and lo2 s-', the half-times would be on the order of 1 h, 0.5 min, 0.3 s, and 3 ms, respectively. The kinetics of biological reactions vary over many orders of magnitude. Some typical values of association and dissociation rate constants for reversible enzymeligand complexes are shown in TABLE 3, along with the association equilibrium constants, which, in reciprocal concentration units, again provide an approximate indication of the range of sensitivity if these reactions were to be used as the basis of a biosensor for the particular ligands indicated in the table.
It is logical to consider what may be the ultimate constraints on the sensitivity and response rate of systems of this sort. Experience with antibodies to haptens has shown that association equilibrium constants from 10" to 10" can be found, thus indicating that very high levels of sensitivity can be obtained. However, the individual rate constants for association and dissociation must also be considered if a practical sensor with a reasonable response rate is to be fabricated.
In the case of antibodies, it appears that the association rate constant is about the same for all the antibodies and on the order of lo-' M-' s-' (see FIGURE 5 ). This behavior is consistent with the concept that the association rate in the limit for chemical reactions is diffusion controlled. Then, using the Smoluchowski approximation, the association constant is given by
where r is the radius of the molecule, DA and DB are the diffusivities of the two species, and No is Avogadro's number. For room temperature, this formula gives a value for the association rate constant of about M-' SKI. This value is about 10 times faster than the average association rate constant for the DNP antibodies plotted in FIGURE 5.
This, though, is expected because the Smoluchowski limit does not account for sterochemical limitations; that is, only a fraction of the binding protein surface is the active site of the bioreceptor.
As an illustration of the limitations of the use of bioreceptors in the equilibriumdisplacement biosensor, the antibodies with the highest sensitivity to DNP in FIGURE 5 have a dissociation constant of about 5 x IO-'s-'. Using the formula given above, a sensor using these antibodies would have a time constant on the order of 10 minutes, which may be much too slow for "on-line" monitoring.
This apparent limitation, that is, the slow response for systems with high levels of sensitivity, has been the subject of further research. One approach, suggested by Andrade,* is to control the local environment of the bioreceptor so as to change the binding constant and kinetics. This could be achieved by periodically changing the local pH, ionic strength, or hydrophobicity. Andrade proposed to immobilize photosensitive polymers (whose configuration could be changed by illumination) in the vicinity of the bioreceptor. The polymer could be switched from one form to another by light pulses and this could presumably cause rapid dissociation of the ligand-bioreceptor complex. If this approach were successful, the sensor would be periodic rather than continuous in nature; however, this might be satisfactory if the switching rate could be made fast enough.
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Dissociation Constant Kr Sec-l FIGURE 5. Relationship between the association equilibrium constants, K,, and the dissociation rate constants, k,, for a series of antibodies to dinitrophenol (DNP).
SUMMARY
Bioreceptors can provide the basis for specific and sensitive biosensors. There are many sources of bioreceptors in nature for biochemicals of interest in biotechnology and biomedicine. These bioreceptors (antibodies, enzymes, membrane proteins, binding proteins) can be modified and produced in large quantities using modern biotechnological techniques.
The characteristics of the biosensor can also be fine-tuned by modifying the structure of the analog-analyte, which will also provide several orders of magnitude of range sensitivity with a given bioreceptor.
The ultimate sensitivity of the biosensor may be limited by the dissociation kinetics of the reaction between analyte and bioreceptor because there is a trade-off between sensitivity and sensor response rate to changes in analyte concentration.
